Methane cracking as a bridge technology to the hydrogen economy  by Weger, Lindsey et al.
ww.sciencedirect.com
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 2Available online at wScienceDirect
journal homepage: www.elsevier .com/locate/heMethane cracking as a bridge technology to the
hydrogen economyLindsey Weger a,b,*, Alberto Abanades a,c, Tim Butler a
a Institute for Advanced Sustainability Studies (IASS), Berliner Strasse 130, 14467 Potsdam, Germany
b Institute for Technical and Macromolecular Chemistry (ITMC), RWTH Aachen University, Worringerweg 1, 52074
Aachen, Germany
c Universidad Politecnica de Madrid (UPM), c/Jose Gutierrez Abascal, 2, 28006 Madrid, Spaina r t i c l e i n f o
Article history:
Received 17 June 2016
Received in revised form
1 November 2016
Accepted 4 November 2016
Available online xxx
Keywords:
Hydrogen economy
Methane cracking
Bridge technology
Natural gas
Methane leakage
Greenhouse gas emissions* Corresponding author. Institute for Advanc
288223 10.
E-mail addresses: lindsey.weger@iass-po
(T. Butler).
http://dx.doi.org/10.1016/j.ijhydene.2016.11.029
0360-3199/© 2016 The Authors. Published by Elsevie
license (http://creativecommons.org/licenses/by-nc
Please cite this article in press as: Weger L
Journal of Hydrogen Energy (2016), http://dxa b s t r a c t
Shifting the fossil fuel dominated energy system to a sustainable hydrogen economy could
mitigate climate change through reduction of greenhouse gas emissions. Because it is
estimated that fossil fuels will remain a significant part of our energy system until mid-
century, bridge technologies which use fossil fuels in an environmentally cleaner way
offer an opportunity to reduce the warming impact of continued fossil fuel utilization.
Methane cracking is a potential bridge technology during the transition to a sustainable
hydrogen economy since it produces hydrogen with zero emissions of carbon dioxide.
However, methane feedstock obtained from natural gas releases fugitive emissions of
methane, a potent greenhouse gas that may offset methane cracking benefits. In this work,
a model exploring the impact of methane cracking implementation in a hydrogen economy
is presented, and the impact on global emissions of carbon dioxide and methane is
explored. The results indicate that the hydrogen economy has the potential to reduce
global carbon dioxide equivalent emissions between 0 and 27%, when methane leakage
from natural gas is relatively low, methane cracking is employed to produce hydrogen, and
a hydrogen fuel cell is applied. This wide range is a result of differences between the
scenarios and the CH4 leakage rates used in the scenarios. On the other hand, when
methane leakage from natural gas is relatively high, methane steam reforming is employed
to produce hydrogen and an internal combustion engine is applied, the hydrogen economy
leads to a net increase in global carbon dioxide equivalent emissions between 19 and 27%.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
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about the need to shift from a fossil fuel-based to a sustain-
able, low-carbon society. According to the Intergovernmental
Panel on Climate Change (IPCC), GHG emissions must be near
or below zero by the end of the 21st century to limit warming
to 2 C relative to pre-industrial levels [4]. Such a trans-
formation of our energy system will be a challenge, requiring
new technological breakthroughs and renewable energy in-
vestments, and could take decades or generations to be car-
ried out. In spite of the urgent need to reduce GHG emissions
to limit the increase in warming, fossil fuels are expected to
remain an overwhelming share of the worldwide energy de-
mand at least until 2040 [2,3].
The hydrogen (H2) economy has been proposed as a
method for effecting this transformation, in which H2 serves
as one of the main global energy carriers [5]. H2 can provide
energy for transportation, buildings and industry, and can
serve as a way to store energy [5]. Furthermore, it can be used
as input to the H2 fuel cell, which operates with a relatively
high efficiency [5,6]. Importantly, the H2 economy offers a way
to mitigate global warming because H2 oxidation is carbon-
free. However, H2 can be produced by a wide array of fossil
fuel and sustainable energy sources, meaning that GHG
emissions can be released depending on the type of produc-
tion process [5,7e9]. Today, the majority of H2 is derived from
fossil fuels by steam reforming and gasification techniques
[10,11]. Since these fossil fuel-based conventional technolo-
gies generate GHG emissions [10], they have the potential to
offset H2's environmental benefits. The low production costs
of technologies utilizing fossil fuels compared to the relatively
high costs of renewable alternatives suggests that this trend
will not change in the foreseeable future [7].
In this context, the deployment of technologies that utilize
fossil fuel resources while generating low or zero GHG emis-
sions may be required in the meantime. These technologies
may constitute a bridge between the current unsustainable
energy system and a future sustainable society, as they satisfy
world energy demand through available fossil fuel resources
in an environmentally cleaner way during the development of
a renewable-based system so as to keep GHG emissions under
control.
Methane cracking may be considered a bridge technology.
In this process, CH4 is separated under high temperatures and
in the absence of oxygen to produce elemental carbon and H2,
i.e., the reaction itself generates zero emissions of CO2
[12e14]. Methane cracking has the potential to cross the
bridge from our current carbon-intensive energy system,
based on fossil fuels, to a low-carbon energy future. As fossil
fuels will likely be required in the energy transition [14], a
bridging solution is needed in which fossil fuels may be used
with low or zero emissions to mitigate climate change until a
sustainable system is developed. Another competing bridge
technology is carbon capture and sequestration (CCS), which
avoids CO2 emissions to the atmosphere by storing CO2 un-
derground [15].
During the methane cracking process, unreacted CH4 is
separated fromH2, and is recirculated to the reactor. While the
gas feedstock for methane cracking is mainly composed of
CH4, other hydrocarbons present are cracked in the same way
as CH4 by thermal splitting of the CeH bonds. In the absence ofPlease cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenoxygen, H2 produced by methane cracking is free of CO and
CO2, making methane cracking a suitable method to produce
H2 for fuel cells which require pure H2. Another benefit of
methane cracking is that the elemental carbon produced may
possess an economic value because it is essential in the pro-
duction of carbon fiber, which can be used in a variety of
manufacturing applications. Nevertheless, developing a viable
industrial implementation of the produced carbon for the
economic benefits to be realized will be challenging [13,16].
Recent developments indicate that a large-scale, practical
and viable application of this technology may be possible, by
the process of bubbling methane into a liquid metal bath [17].
Lab-scale tests have overcome one of the main technological
issues, i.e., carbon deposition leading to clogging of the
reactor, which previously had prevented the development of
methane cracking processes on the industrial-scale. For a
practical and massive application of methane cracking, facil-
ities to provide up to ~100e500 ton/day of hydrogen are
required [18]. Work is in progress to advance the construction
of a pilot plant to confirm the scalability of that technology.
The feedstock for methane cracking technology, natural
gas, has been rapidly expanding in the United States due to
significant advances in hydraulic fracturing and horizontal
drilling in unconventional gas extraction [19,20]. While the
upward trend of unconventional gas extraction has been
mostly confined to the US, it is expected that this trend will
continue globally [20]. Natural gas is often promoted as a
bridging fuel on the road to a decarbonized energy system
because it emits less CO2 per unit of energy than oil or coal
[21]. However, during the extraction, processing, and use of
natural gas, CH4 can escape to the atmosphere. This poses a
problem to global warmingmitigation because CH4 is a potent
GHG, with a global warming potential (GWP) of 86 over 20
years and 34 over 100 years [4], meaning that even small CH4
leaks in the natural gas supply chain can have a large impact
on global warming. The leakage rate of methane is thus crit-
ical in determining the overall climate impact of natural gas.
In 2011, Howarth and colleagues estimated CH4 leakage
rates for conventional natural gas production at 3.8% and
unconventional at 5.8%, which factors in upstream (well site
and gas processing) and downstream (transmission, storage,
and distribution) emissions over the lifetime production of a
well (i.e., full life cycle-based emissions estimate) [22]. These
values were much higher than the United States Environ-
mental Protection Agency's (US EPA) estimate for conven-
tional gas at the time, which was 1.1% (no separate estimate
existed then for unconventional natural gas) [23]. Since then,
many reports have been published on CH4 leakage estimates
from natural gas production, giving a range of 0.47e6% for
conventional and 0.67e7.9% for unconventional natural gas
production over the lifetime production of a well [24]. Several
top-down atmospheric measurement campaigns have also
been performed which quantify CH4 leakage rates from nat-
ural gas system activity at specific regions. CH4 leakage rates
published by these studies range from lower to significantly
higher compared with EPA estimates, with values ranging
from 0.18 to 17.3% [25e33].
In a review on 20 years of literature on CH4 emissions from
natural gas systems, Brandt et al. 2014 found that official in-
ventories such as the US EPA frequently underestimate CH4as a bridge technology to the hydrogen economy, International
e.2016.11.029
Table 1 e Scenario overview.
Scenario Full name Description
Baseline Baseline Scenario representing actual
situation and emissions
regarding H2 production
and road transportation.
Industrial H2 Industrial
hydrogen
Methane cracking is fully
implemented for production of
industrial H2.
RoadTrans H2 Road
transportation
hydrogen
H2 fuel is fully implemented to
cover the energy needs of
the road transportation sector.
The H2 implemented is
produced by methane cracking.
Pessimistic
RoadTrans H2
Pessimistic road
transportation
hydrogen
H2 fuel is fully implemented to
cover the energy needs of
the road transportation sector,
in the context of pessimistic
(high-emission) assumptions.
H2Econ Hydrogen
economy
Contains implementations of
both Industrial H2 and
RoadTrans H2 combined in one
scenario. This scenario is used
to investigate various aspects
of the H2 economy, i.e., the
upper limit of CH4 leakage in
natural gas production, and the
methane cracking efficiency.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 2 3emissions; nevertheless, he found that very high values found
in some regional atmospheric studies are unlikely to be
representative of typical emissions from natural gas systems.
Therefore, considerable uncertainty still remains on the
actual extent of CH4 leakage from natural gas production. This
is an important consideration when examining natural gas's
viability as a bridging fuel, and in its promotion with tech-
nologies such as methane cracking to reduce the global
warming impact. Other important considerations remain in
addition to CH4 leakage when promoting technologies that
utilize natural gas, such as the potential impacts on water,
environmental and air pollution, but these considerations are
not addressed in this work, which does not have the aim of
being a life cycle assessment (LCA) following the ISO 14040/
14044 Standards and methodologies [34].
In this paper, a model for the evaluation of a hydrogen
economy with the practical implementation of methane
cracking is presented, and used to quantify the impacts on
global emissions of CO2 and CH4. Scenarios are developed to
illustrate the impact of replacing current industrial hydrogen
production with methane cracking, and transport fuel with
methane cracking-produced hydrogen, on emissions. The
sensitivity of the results to CH4 leakage rates from natural gas
production is evaluated. Furthermore, other important pa-
rameters such as elemental carbon production frommethane
cracking, fugitive H2 emissions, and the required efficiency of
the methane cracking process are also analyzed.Table 2 e Percent shares of global hydrogen production,
and the corresponding emission factors (EF) for hydrogen
production technologies [10,21].
H2 production
technology
Production share [%] EF [kg/TJ]a
Baseline Industrial H2 CO2 CH4
Methane steam reforming 48% 0% 54,500 2
Oil/naphtha reforming 30% 0% 71,100 4
Coal gasification 18% 0% 107,000 4
Electrolysis 4% 4% 0 0
Methane cracking 0% 96% 0 2
a These emission factors were calibrated [16] and selected from a
range provided by the IPCC 2006 Guidelines.Methods
Scenarios
Scenarios were designed to study different aspects of the
methane cracking e hydrogen (MC-H2) economy to evaluate
the range of effects on global CO2 and CH4 emissions. The MC-
H2 economy is defined here as a H2 economy facilitated by
methane cracking. The scenarios were constructed as a pro-
jected snapshot of the present-day situation, in which the
proposed changes are enacted immediately. Sectors of special
interest to the MC-H2 economy and therefore of focus in the
scenarios are industrial H2 production and road trans-
portation. An overview of the scenarios is provided in Table 1.
Baseline
A baseline scenario was developed to represent the present
situation regarding industrial H2 production and road trans-
portation and their impact on emissions. This scenario was
made as a means to compare alternative scenarios.
Industrial H2
H2 is a vital feedstock in the global chemical industry. Current
values for global H2 production are varied in the literature. For
example, in the International Energy Agency's (IEA) 2007
report it estimates that 65 Mton H2 are produced annually for
industrial end-use applications [7], while Bond et al. 2011 es-
timate 47 Mton [35], and the US Department of Energy esti-
mates >50 Mton [36]. In this work, the IEA value was assumed
for industrial H2 production since other data were also ob-
tained from the IEA inventory (see Section Activity data).Please cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenAround 96% of global H2 is derived from fossil fuels by
conventional technologies, i.e., methane steam reforming, oil/
naphtha reforming and coal gasification, which generate
considerable GHG emissions (Table 2) [10]. Therefore, in the
Industrial hydrogen full penetration scenario (Industrial H2),
methane cracking supplies current industrial H2 demand,
thereby replacing methane steam reforming, oil/naphtha
reforming and coal gasification. Methane cracking does not
replace electrolysis or the share of technologies producing H2
for methanol synthesis (because the methanol reaction relies
on syngas-H2 and CO/CO2, which is not produced by methane
cracking).
CO2 emission factors (EF) associated with H2 production
technologies are much greater in magnitude compared to
those of CH4, e.g., for coal gasification 107,000 kg CO2 and 4 kg
CH4 are emitted per TJ (Table 2). This is because the CO2 EFs are
based on the carbon content of the fuel, and here reflect the
assumption that 100% of the fuel's carbon gets oxidized duringas a bridge technology to the hydrogen economy, International
e.2016.11.029
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emissions released from fuels, which are comparatively low in
magnitude to CO2 emissions in the energy sector [21].
RoadTrans H2
The road transportation sector is responsible for generating a
significant level of CO2 and CH4 emissions each year, primarily
due to the use of oil and natural gas (Table 3). In fact, trans-
portation accounts for nearly a quarter of global CO2 emis-
sions [37]. Therefore, in the Road transportation hydrogen full
penetration scenario (RoadTrans H2), oil and natural gas in road
transportation are fully replaced with H2 that is produced by
methane cracking, while the relative shares of electricity and
biofuels are kept the same. In this scenario it is assumed that
vehicles are powered by hydrogen fuel cells, because fuel cells
possess a relatively high tank-to-wheel efficiency (a measure
of the drivetrain performance) compared to an internal com-
bustion engine (ICE).
Pessimistic RoadTrans H2
In the Pessimistic road transportation hydrogen scenario (Pessi-
mistic RoadTransH2), H2 fuel covers the energyneedsof the road
transportation sector as done in the RoadTrans H2 scenario, but
in the context of pessimistic assumptions. Specifically, it is
assumed that H2 fuel is produced by methane steam reform-
ing, which is a conventional, fossil fuel-based (i.e., natural gas)
H2production technology that releasesCO2during the reaction
process. Furthermore, it is assumed that CH4 leakage rates
from natural gas production are on the upper-end of the EF
range, and that a H2 internal combustion engine (ICE) is
employed because this is considerably less efficient in termsof
tank-to-wheel efficiency than H2 fuel cell vehicles.
H2Econ
TheH2Econ scenario is not handled like the previous scenarios,
and instead is used for other applications of the MC-H2 model
discussed in Section Other aspects of interest to the MC-H2
economy. The H2Econ scenario contains the implementa-
tions assumed in the Industrial H2 and RoadTrans H2 scenarios.Natural gas production methane leakage rates
The scenarios were calculated with three sets of CH4 leakage
rates in natural gas production, which cover a broad range ofTable 3 e Road transportation energy share (based on
energy activity per energy form for year 2012), and tank-
to-wheel efficiency (TTW) in road transportation based
on fuel type and energy converter [2,46].
Fuel
type
Energy share [%] Energy
converter
TTW
efficiency [%]Baseline RoadTrans
H2
Oil 92.8% 0% ICE 22
Natural
gas
3.8% 0% ICE 16
Biofuels 2.4% 2.4% ICE 22
Electricity 1.0% 1.0% Battery 82
Hydrogen 0% 96.6% Fuel cell 53
ICE 28
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Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenestimates in the literature that we consider reasonable. This
was done to explore the impact of varying and potential CH4
leakage rates in the natural gas system on total emissions in
the scenarios. These sets were retrieved from EPA 1996 [23],
Hultman 2011 [38] and Howarth 2011 [22] (see Table 4). The
EPA 1996 values were used as lower-end rates, those from
Howarth 2011 were used as higher-end rates, and those from
Hultman 2011 were used as middle-value rates. However, for
the RT H2 Pessimistic scenario, upper-bound CH4 leakage rates
from Howarth 2011 were applied. Leakage rates are dis-
aggregated into upstream and downstream processes from
natural gas production. Upstream emissions occur at the well
site and during gas processing, while downstream emissions
occur during storage, transport and distribution of gas to
customers. A distinction is made here between conventional
and unconventional gas. Unconventional gas is obtained from
relatively new sources that require unconventional methods
for its extraction (e.g., hydraulic fracturing of shale gas),
whereas conventional gas is obtained from traditional sources
for which conventional methods can be used for its extrac-
tion. Aside from the extraction method, no difference is
assumed between unconventional and conventional natural
gas itself. Each calculation was performed twice, once
assuming natural gas supply via 100% conventional natural
gas, and once assuming natural gas supply via 100% uncon-
ventional natural gas. This was done to provide the full range
of emissions estimates, because emissions are generally lower
in conventional and higher in unconventional natural gas
production.
Note that the downstream leakage rates displayed in Table
4 are representative of decentralized natural gas utilization.
This is because these downstream leakage rates are higher
than those that would result from centralized natural gas
utilization. This is due to the fact that low-pressure urban
distribution lines have a higher leakage rate than gas lines
delivering natural gas to centralized power plants [20]. The
decentralized downstream leakage rates were used to reduce
complexity, so that the same rates could be employed for all
segments of natural gas utilization in the model (i.e., for both
industrial and private consumer end-use). While decentral-
ized natural gas utilization leads to greater CH4 emissions,
decentralized production also has its own benefits with
respect tomethane cracking such as sharply reducing deliveryTable 4 e Methane emission factor estimates expressed
as a percentage of total natural gas produced.
Source Upstream
conventional
gas
Upstream
unconventional
gas
Downstream
EPA 1996a [23] 0.2% e 0.9%
Hultman 2011 [38] 1.3% 2.8% 0.9%
Howarth 2011 [22] 1.4% 3.3% 2.5%
Upper-end
estimates
of Howarth
2011 [22]
2.4% 4.3% 3.6%
a EPA 1996 [23] did not provide an EF for upstream unconventional
gas. Therefore upstream unconventional gas is assumed to have
the same EF as upstream conventional gas for EPA 1996 data.
as a bridge technology to the hydrogen economy, International
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the consumer [39].
Displayed in Table 5 is an emissions comparison between
natural gas, coal and oil, factoring in the three EF sets for
natural gas provided in Table 4. The 20-year global warming
potential (GWP) of CH4was used to convert CH4 emissions into
CO2-eq emissions; the reason for this is explained in Section
Emissions and CH4 global warming potential. Note that the
CO2-eq for natural gas production is different among the EPA,
Hultman and Howarth, since each of these sources have
different CH4 EF estimates.Other aspects of interest to the MC-H2 economy
Elemental carbon production from methane cracking
A side effect ofmethane cracking employed in the Industrial H2
and RoadTrans H2 scenarios is that elemental carbon (carbon
black) is produced as a by-product of methane cracking.
Today, carbon black production amounts to 8.1 Mton per year
[40]. The carbon produced by methane cracking in the Indus-
trial H2 and RoadTrans H2 scenarios was quantified at 170 and
790 Mton carbon per year, some orders of magnitude higher
that the current black carbon market. The amount of high
quality carbon produced by methane cracking will make this
material available at a very low cost, likely boosting the
development of new carbon-based technologies, for instance,
graphene applications.
H2 emissions
Incomplete combustion of fossil fuels and leakage of indus-
trial H2 are both sources of anthropogenic H2 emissions. In the
H2 economy, H2 emissions would be emitted during the pro-
duction, transport, storage, and use of H2. Increased H2Table 5 e Aggregated emission factors for production of
coal, oil and natural gas.
Fossil fuel production EF [kg/TJ]
CO2 CH4 CO2-eq
Coala e 450 39 000
Oilb 2900 280 27 000
Natural gasc (EPA 1996 [23]) 4100 240 25 000
Natural gasc (Hultman 2011 [38]) 4100 540 51 000
Natural gasc (Howarth 2011 [22]) 4100 930 84 000
a Coal: The CO2 EF is not provided in the literature because it is still
being developed; therefore it is not included in this model. Note
that the CO2 EF for coal production is estimated to be low in
comparison to the CH4 EF. The CH4 EF covers mining and post-
mining emissions, averaged for underground and surface coal
mines [21].
b Oil: The CO2 EF covers oil production, transport and refining [21].
The CH4 EF covers emissions from oil production, transport and
refining [21,47].
c Natural gas: The CO2 EF is based on the conventional and un-
conventional CO2 EFs [22], calculated based on the year 2012 ratio
of conventional to unconventional natural gas production [2].
The CH4 EF covers upstream (conventional and unconventional)
and downstream emissions from the EPA 1996, Howarth 2011 and
Hultman 2011 publications, and is calculated based on the year
2012 ratio of conventional to unconventional natural gas pro-
duction [2].
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Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenemissions may exacerbate global warming by reducing the
atmospheric concentration of the hydroxyl radical (OH),
which would increase the lifetime of CH4 and other trace
gases [37,41]. For this reason, exploring the effects of
increased H2 usage on H2 emissions is useful to understand
ancillary effects of the H2 economy on the climate. Therefore,
H2 emissions from H2 fuel use in road transportation under
the RoadTrans H2 scenario were quantified and compared to
estimates on current H2 emissions from incomplete combus-
tion of oil and natural gas in road transportation by Wokaun
andWilhelm 2011 [42]. This provides the H2 emissions balance
that would occur in road transportation, i.e., the incurred H2
emissions from introduced H2 fuel use compared to the
eliminated H2 emissions from phased out oil and natural gas
use. H2 fuel leakage rates in road transportation of 1 and 2%
were selected from Wokaun and Wilhelm 2011. While higher
values of up to 4% were provided, these rates were deemed
unrealistic as they would result in a huge commodity and
significant monetary loss. Furthermore, it was found that in-
dustrial H2 leakage rates from the H2 distribution grid in
Germany are already as low as 0.1% [41,43,44].
Upper limit of CH4 leakage in natural gas production
As discussed in Section Introduction, there is a high level of
uncertainty surrounding CH4 leakage rates in natural gas
production. Therefore, it was determinedwhat the upper limit
of CH4 leakage in natural gas production is that would lead to
the same CO2-eq emissions in H2Econ as in the baseline. The
CH4 leakage limit was determined by performing an optimi-
zation, in which the same natural gas production CH4 leakage
rate was applied to the baseline and to H2Econ and adjusted
until the CO2-eq emissions were the same in both scenarios.
Methane cracking efficiency
Throughout the previous scenarios, an energy conversion ef-
ficiency of 55% was assumed for the methane cracking pro-
cess based on estimations from the literature [14]. The energy
conversion efficiency for the methane cracking process is
defined here as the ratio between the energy output in terms
of H2 and the energy input in terms of CH4, where CH4 also
supplies energy to overcome the reaction barrier
(DH0 ¼ 74.85 kJ/mol). However, methane cracking has not yet
been implemented on a commercial scale and so the effi-
ciency that will be realized in practice is not yet known. In
order to further explore the MC-H2 economy, the minimum
required methane cracking efficiency was determined. This
was done by performing an optimization, in which the same
efficiencywas applied to the baseline andH2Econ and adjusted
until the CO2-eq emissions were the same in both scenarios.
Model
The methane cracking e hydrogen economy (MC-H2) model
was developed in order to implement the scenarios described
in Section Scenarios, quantifying the effect of changes in H2
production and road transportation on CO2 and CH4 emis-
sions. The model quantifies anthropogenic emissions on the
global scale from the sectors of relevance to the industrial use
of hydrogen and the road transportation sector. Namely,
global CO2 emissions include emissions from production ofas a bridge technology to the hydrogen economy, International
e.2016.11.029
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transport, buildings (residential, services and non-specified
other) and other (agriculture and non-energy use), but
exclude electricity and heat generation emissions. CO2 emis-
sions from electricity generation are only considered for
electricity requirements for electrolysis in H2 production.
Global CH4 emissions include stationary and combustion, oil
and natural gas, coal mining, and biomass.
The MC-H2 model is based on a series of input parameters
and equations. The structure of the model is based on various
aspects of the energy sector that are required to quantify
changes in CO2 and CH4 emissions resulting from imple-
mentation of a H2 economy. These aspects are referred to here
as domains; in total, the model is made up of 17 domains. The
model domains and the information flow in the model are
shown in Fig. 1. A full description of the model is given in
Weger 2015 [16].
Model evaluation
The MC-H2 model was evaluated by a sensitivity analysis and
subsequently calibrated. This evaluation is described in detail
inWeger 2015 [16]. The parameters shown to have the greatest
sensitivity are production of both oil and natural gas. The
upper-end CH4 EF value for oil production led to a 200% in-
crease in CO2-eq emissions, whereas the upper-end CH4 EF
value for upstreamunconventional natural gas production led
to a 35% increase in emissions. The considerable sensitivity
observed here is due to wide uncertainty ranges in the EFs for
production of both oil and natural gas. Calibration of the
model is described in detail in Weger 2015 [16].
Data
Activity data
Activity data represent the amount of fuel consumption
associated with a specific activity. The activity data used in
this model were retrieved from the IEA. The data represent
activity from the year 2012. The IEA activity data used in MC-
H2 represent total final consumption (TFC) energy, excludingFig. 1 e Schematic of the MC-H2 model domains. The arrows foll
the point of energy production. The main component groups in
transportation (green)
Please cite this article in press as: Weger L, et al., Methane cracking
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ings (residential, services and non-specified other) and other
(agriculture and non-energy use) [2]. The demand for saleable
fuel for combustion is treated as equivalent to the fuel pre-
production to simplify calculations.
Emission factors
EF's represent the average emissions released per unit of given
activity, and are typically provided as a range. The EFs used in
the model were primarily retrieved from the 2006 IPCC
Guidelines [21]. When data could not be retrieved from the
IPCC, the data were obtained from alternative sources, as lis-
ted in Table 6.
Emissions and CH4 global warming potential
CO2 and CH4 emissions are presented in units of CO2 equiva-
lent (CO2-eq). CO2-eq emissions are calculated by multiplying
CH4 emissions by the GWP of CH4, and adding this value to the
CO2 emissions. The GWP measures the relative heat-trapping
ability of CH4 compared to CO2, and is a function of the time
frame considered after a pulse emission of CH4. The high
warming potential of CH4 is primarily due to its strong ab-
sorption of infrared radiation emitted from the Earth's sur-
face. Common time intervals to discuss the GWP of CH4 are 20
and 100 years; CH4 has amuch larger 20-year GWP, because its
atmospheric lifetime is about 12 years, while CO2 has an
effective influence on the atmosphere for about a century
[4,20]. The 20-year GWP of CH4 is 86, while the GWP drops to 34
over 100 years. The shorter, 20-year time scale for the GWP is
more relevant and appropriate because of the urgent need to
reduce CH4 emissions in the next decades, so as to prevent
climate tipping points such as the melting of permafrost, and
to slow the rate of global warming. Therefore it is the 20-year
GWP that was used here to convert CH4 to CO2-eq emissions.
Methodological approach
TheTier1approach fromthe2006 IPCCGuidelineswasemployed
to calculate emissions [21]. In this approach, emissions are
estimated based on the quantities of fuel combusted (activity
data, AD) and globally-averaged EFs for a particular energyow the flow of energy demand from end-use applications to
MC-H2 are H2 (purple), fossil fuels (yellow), and
as a bridge technology to the hydrogen economy, International
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Table 6 e Emission factor data sources used in MC-H2.
Domain Parameter Source
Fossil fuel
economy
Coal IPCC [21]
Oil IPCC [21]
Natural gas IPCC [21]
Road
transportation
Oil IPCC [21]
Natural gas IPCC [21]
Electricity e
Biofuels IPCC [21]
Hydrogen Wokaun and
Wilhelm [42]
Coal
production
Underground mining IPCC [21]
Underground
post-mining
IPCC [21]
Surface mining IPCC [21]
Surface post-mining IPCC [21]
Coal
gasification
Process IPCC [21]
Oil production Oil well IPCC [21]
Oil production IPCC [21];
Cai [47]
Oil transport IPCC [21]
Oil refining IPCC [21]
Oil/naphtha
reforming
Process IPCC [21]
Natural gas
production
Upstream
conventional
EPA [23];
Hultman [38];
Howarth [22]
Upstream
unconventional
EPA [23];
Hultman [38];
Howarth [22]
Downstream EPA [23];
Hultman [38];
Howarth [22]
Methane
cracking
Process IPCC [21]
Methane
steam
reforming
Process IPCC [21]
Biofuel
production
Process Mortimer [48];
Cai [47]
Electricity
production
Process IEA [49];
Ecometrica [50]
Electrolysis Process e
Table 7 e Total global emissions of carbon dioxide and
methane (Mton CO2-eq) from the baseline and from the
Industrial H2 scenario. Emissions are calculated for
supply with 100% conventional and for 100%
unconventional natural gas.
Data source
for natural
gas
production
EFs
Scenario Total emissions [Mton CO2-eq]
a
Conventional
natural gas
Unconventional
natural gas
EPA 1996 Baseline 26 000 26 000
Industrial H2 25 000 25 000
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e1 2 7form/application,whereemissions¼ADfuelEFGHG, fuel. CO2EF's
are primarily dependent on the carbon content of the fuel
because the majority of the carbon will be oxidized to CO2,
meaning that globally-averaged CO2 EFs do not introduce
considerable uncertainty. On the other hand, CH4 EF's are
dependent on factors subject to variability, i.e., combustion
technology and operating conditions, meaning that globally-
averaged CH4 EFs lead to relatively high uncertainty (for more
information, refer to the 2006 IPCC Guidelines).
Change % 3.8% 3.8%
Hultman 2011 Baseline 27 000 29 000
Industrial H2 26 000 28 000
Change % 3.7% 3.4%
Howarth 2011 Baseline 29 000 31 000
Industrial H2 28 000 31 000
Change % 3.4% 0%
The italics represent the % change in emissions from the baseline
to the Industrial H2 scenario.
a CO2-eq for CH4 over 20 years, with a GWP value of 86 [4].Results and discussion
Industrial H2
In this scenario set, Industrial H2, conventional fossil fuel-
based technologies are replaced with methane cracking for
industrial H2 production as explained in Section Scenarios.Please cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenThis generally leads to a decrease in CO2-eq emissions; how-
ever, the achieved emissions decrease is low, within the range
of 0e3.8%. The results are displayed in Table 7 and Fig. 2.
Themain reason for the low emissions decrease is that the
combined CO2 and CH4 EFs from natural gas production are
higher than from coal and oil production (see Table 5), which
curtails the emissions reductions achieved through methane
cracking (see Table 2) from its zero-CO2 emissions. The
emissions decrease is greatest when the EPA 1996 EFs are
applied and lowest when the Howarth 2011 EFs are applied.
This is due to the combined CO2 and CH4 EFs being lowestwith
EPA 1996 and the highest with Howarth 2011. Furthermore,
the decrease in emissions is greater when the natural gas
supply used in the methane cracking process is 100% con-
ventional, and lower when the natural gas supply is 100%
unconventional. This is because the EFs for CO2 and CH4
combined are greater during unconventional natural gas
production than conventional natural gas production.
Furthermore, in the Howarth 2011 Industrial H2 scenario sup-
plied with 100% unconventional gas, no change in CO2-eq
emissions is observed. In this scenario, the Howarth CH4
leakage rate from unconventional natural gas production is
high enough that it completely offsets the decrease in CO2
emissions achieved through methane cracking. On the other
hand, the EPA 1996 and Hultman 2011 EFs for CH4 leakage
from unconventional natural gas production are low enough
so that they still lead to emissions reductions in their corre-
sponding Ind H2 Full Pen scenarios. This underlines that the
effectiveness ofmethane cracking in reducing emissions from
industrial H2 production is dependent on the leakage rate of
CH4 in natural gas production.
RoadTrans H2
In the next scenario set, RoadTrans H2, oil and natural gas are
fully replaced with H2 produced by methane cracking to cover
the energy needs in road transportation as explained inas a bridge technology to the hydrogen economy, International
e.2016.11.029
Fig. 2 e Total global emissions of carbon dioxide and
methane (Mton CO2-eq). 100% conventional natural gas (in
blue), represents the total emissions incurred from 100%
conventional natural gas supply. 100% unconventional
natural gas (in red), represents the additional emissions
incurred from 100% unconventional natural gas supply.
Fig. 3 e Total global emissions of carbon dioxide and
methane (Mton CO2-eq). 100% conventional natural gas (in
blue), represents the total emissions incurred from 100%
conventional natural gas supply. 100% unconventional
natural gas (in red), represents the additional emissions
incurred from 100% unconventional natural gas supply.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 28Section Scenarios. This consistently leads to a decrease in
CO2-eq emissions, and in some scenarios substantially so,
within the range of 6.5e27%. This wide range results from the
different CH4 leakage rates applied in the scenarios, and will
be explained in greater detail below. The results are displayed
below in Table 8 and Fig. 3.
The trends observed in the Industrial H2 scenarios were
generally observed in the RoadTrans H2 scenarios as well.
Namely, the emissions decrease is greatest when applying
the EPA 1996 EFs and least when applying the Howarth 2011
EFs, and the emissions decrease is greater when natural gas
supply is 100% conventional, and less when it is 100% un-
conventional. The explanations for these observations are
discussed in the previous section. However, differences are
also observed between the scenario sets. First, the magnitude
of the emissions decrease is substantially greater among the
RoadTrans H2 scenarios compared to the Industrial H2 sce-
narios (6.5e27% CO2-eq emissions reductions in theTable 8 e Total global emissions of carbon dioxide and
methane (Mton CO2-eq) from the baseline and from the
RoadTrans H2 scenario. Emissions are calculated for
supply with 100% conventional and for 100%
unconventional natural gas.
Data source Scenario Total emissions [Mton CO2-eq]
a
Conventional
natural gas
Unconventional
natural gas
EPA 1996 Baseline 26 000 26 000
RoadTrans H2 19 000 20 000
Change % 27% 23%
Hultman 2011 Baseline 27 000 29 000
RoadTrans H2 22 000 25 000
Change % 18% 14%
Howarth 2011 Baseline 29 000 31 000
RoadTrans H2 25 000 29 000
Change % 14% 6.5%
The italics represent the % change in emissions from the baseline
to the RoadTrans H2 scenario.
a CO2-eq for CH4 over 20 years, with a GWP value of 86 [4].
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Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenRoadTrans H2 scenarios compared with 0e3.8% Industrial H2
scenarios). The main reason for the is that the RoadTrans H2
scenarios require substantially less fuel in road trans-
portation compared to the baseline and Industrial H2 sce-
narios. This is because the efficiency of the H2 fuel cell is
more than twice as high as that of the petrol/diesel ICE,
which essentially reduces the road transportation fuel de-
mand by half. Second, the range of emissions decrease is
greater in the RoadTrans H2 scenarios compared to the In-
dustrial H2 scenarios. The wide range of emissions decrease is
due to the varying CH4 leakage rates used, which have a more
pronounced impact on total emissions in the RoadTrans H2
scenarios than in the Industrial H2 scenarios. This is because
more natural gas is needed in total in the RoadTrans H2 sce-
narios to provide H2 fuel by methane cracking for road
transportation. Third, the Howarth Industrial H2 scenario
utilizing 100% unconventional natural gas leads to no change
in emissions, while the Howarth RoadTrans H2 scenario uti-
lizing 100% unconventional natural gas leads to a net
decrease in emissions. One of the main reasons an emissions
decrease was calculated in the latter scenario is due to the
significant decrease in road transportation fuel demand.
Nevertheless, the emissions decrease in this scenario is low,
at 6.5%, which indicates that the very high CH4 leakage rate
from unconventional natural gas production provided by
Howarth 2011 is close to the limit at which the increase in
CH4 emissions due to increased gas production cannot be
compensated by the decrease in CO2 emissions achieved
through methane cracking. This emphasizes the importance
of CH4 emissions in natural gas production on climate ben-
efits through emissions reductions achieved in the RoadTrans
H2 scenarios.
Pessimistic RoadTrans H2
In the next scenario, Pessimistic RoadTrans H2, H2 fuel replaces
oil and natural gas in the road transportation sector, under
pessimistic assumptions as explained in Section Scenarios.
With 100% conventional natural gas supply, CO2-eq emissionsas a bridge technology to the hydrogen economy, International
e.2016.11.029
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H2 (from 31,000 to 37,000 Mton CO2-eq), and with 100% un-
conventional natural gas supply CO2-eq emissions increase by
as much as 27% (from 33,000 to 42,000 Mton CO2-eq). The re-
sults are shown in Fig. 4.
The results underline the critical role of assumptions in
whether the H2 economy has a beneficial or detrimental
impact on the climate through emissions. Namely, pessi-
mistic assumptions as applied here, including the production
of H2 by high-emissions-generating methane steam reform-
ing, relatively high CH4 leakage rates from natural gas pro-
duction, and a low tank-to-wheel efficiency of H2 through use
of a H2 internal combustion engine, result in a significant and
unfavorable impact on the climate through emissions in-
crease. On the other hand, optimistic assumptions such as the
production of H2 by low-emissions-generating methane
cracking, relatively low CH4 leakage rates from natural gas
production, and a high tank-to-wheel efficiency of H2 by way
of a H2 fuel cell enable climate benefits through emissions
reduction. Thus, the H2 economy can lead to net reduction of
GHG emissions, but only if a low-emissions-generating H2
production technology likemethane cracking is applied, if CH4
emissions from natural gas production are low, and a high
tank-to-wheel efficiency of H2 (i.e., application of the H2 fuel
cell) is possible.Elemental carbon production from methane cracking
In this section, the elemental carbon produced by methane
cracking is quantified in the Industrial H2 and RoadTrans H2
scenarios as explained in Section Scenarios. In the Industrial
H2 scenario, 170 Mton carbon is produced by methane
cracking. On the other hand, 790 Mton carbon is produced
by methane cracking in the RoadTrans H2 scenario, which
amounts to 4.5 times more carbon production than in the
Industrial H2 scenario. This is due to the fact that much more
H2 is required to be produced by methane cracking in the
road transportation sector than in the industrial H2 sector. IfFig. 4 e Total global emissions of carbon dioxide and
methane (shown in Mton CO2-eq). 100% conventional
natural gas (in blue), represents the total emissions
incurred from 100% conventional natural gas supply. 100%
unconventional natural gas (in red), represents the
additional emissions incurred from 100% unconventional
natural gas supply.
Please cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenthe carbon produced from methane cracking can be later
used as a commodity in commercial applications, this
would reduce life cycle emissions incurred from carbon
production [45].Hydrogen emissions
In this section, H2 emissions from H2 fuel use in road
transportation under the RoadTrans H2 scenario are quanti-
fied and compared to estimates on current H2 emissions
from incomplete combustion of oil and natural gas in road
transportation, as explained in Section H2 emissions. The
results are displayed in Fig. 5. In the RoadTrans H2 scenario, a
H2 leakage rate of 1% results in 2.6 Mton H2 emissions per
year, while a H2 leakage rate of 2% results in 5.4 Mton H2
emissions per year (explained in Section H2 emissions).
These values are comparable to current emissions in the
literature [2,42], from which extrapolated H2 emissions
based on the increase of oil and natural gas in road trans-
portation for year 2012 are 4.75 Mton [2]. Therefore, with full
penetration of H2 fuel in road transportation, H2 emissions
stay roughly the same, changing by 2.15 to þ0.65 Mton H2
per year. Based on the modest change in H2 emissions
resulting from replacing oil and natural gas with H2 fuel, it is
unlikely that H2 fuel use under the RoadTrans H2 scenario
would lead to a considerable direct effect on OH. Because OH
controls the atmospheric lifetime of GHGs and pollutants
through oxidation, it is therefore unlikely that the lifetimes
of these species would change to an appreciable extent.
However, global-scale replacement of the ICE with the H2
fuel cell may significantly decrease NOx emissions [41]. This
is because NOx is generated from the nitrogen and oxygen
present in ambient air during fuel combustion due to the
high temperatures reached. Decreased NOx emissions would
have an indirect effect of reducing OH, which in turn would
reduce OH's global oxidizing capacity of trace gases. Never-
theless, a reduction in NOx emissions would improve human
and environmental health through reduction of tropospheric
O3 formation, since tropospheric O3 is a powerful air
pollutant.Fig. 5 e Hydrogen emissions (Mton H2) from road
transportation. “H2%” refers to the specific hydrogen
leakage rate applied from hydrogen fuel use in the
RoadTrans H2 scenarios.
as a bridge technology to the hydrogen economy, International
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In this section, the upper limit of CH4 leakage in natural gas
production is determined as explained in Section Scenarios. It
was found that with 100% conventional natural gas supply,
the upper limit of CH4 leakage is 7.1% combined for upstream
and downstream CH4 emissions. With 100% unconventional
natural gas supply, the CH4 leakage limit is 7.0% combined for
upstream and downstream CH4 emissions. The limit is
slightly higher for 100% conventional natural gas supply
because CO2 emissions from conventional natural gas pro-
duction are less than from unconventional natural gas pro-
duction. While the EPA 1996, Howarth 2011 and Hultman 2011
natural gas production leakage rates are well under the CH4
leakage limits presented here, higher natural gas leakage rates
have been reported in the literature [20,25,27e30,33]. In fact,
the upper-end CH4 leakage rate for unconventional natural
gas production for upstream and downstream combined,
from Howarth et al. 2011 [22], is as high as 7.9%. It is also
noteworthy that these EFs were measured for natural gas
production in the US, and EFs may be higher in countries with
less stringent regulations, perhaps substantially so. Ensuring
that the globally averaged CH4 leakage rate from natural gas
production is below the CH4 leakage limits presented here is
decisive in the MC-H2 economy providing climate benefits.Required methane cracking efficiency
In this section, the minimum required methane cracking ef-
ficiency above which the MC-H2 economy provides net
climate benefits is determined as explained in Section
Scenarios. The results are displayed below in Table 9. The
analysis reveals that the minimum required methane
cracking efficiency strongly varies based on the CH4 leakage
rate from natural gas production. Most notably, the minimum
required methane cracking efficiency for each CH4 EF used
here, and for both 100% conventional and 100% unconven-
tional natural gas supply, are all well under the 55% energy
efficiency mark postulated in the literature as an achievable
value on the commercial scale. Of course, with higher CH4
leakage rates from natural gas production, an even higher
methane cracking efficiency would be required than the onesTable 9 e Minimum required efficiency of methane
cracking so that CO2-eq emissions from the H2Econ
scenario are equal to those from the baseline scenario.
Emissions are calculated for 100% conventional natural
gas supply and for 100% unconventional natural supply.
Data sourcea Required methane cracking
efficiencyb
Conventional
natural gas
Unconventional
natural gas
EPA 1996 [23] 11% 12%
Hultman 2011 [38] 20% 32%
Howarth 2011 [22] 33% 47%
a Source of EF data set for CH4 leakage in natural gas production.
b Efficiency from providing energy for the reaction to proceed, and
pressurizing the reaction vessel.
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Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydendisplayed in Table 9. Nevertheless, this result is promising for
the MC-H2 economy, provided that CH4 leakage rates from
natural gas production do not greatly exceed those of Howarth
2011.Conclusion and outlook
The results presented here support the proposition that a
fossil-fuel-enabled bridge to a fully renewable-based H2
economy can bring benefits to the climate through reduction
of CO2-eq emissions. However, the impact of the MC-H2
economy on emissions is highly dependent on the factors
facilitating it. Optimistic assumptions, including the produc-
tion of H2 by methane cracking, relatively low CH4 leakage
rates from natural gas production, and a high tank-to-wheel
efficiency of H2 by way of a H2 fuel cell enable climate bene-
fits through emissions reduction. On the other hand, pessi-
mistic assumptions such as the production of H2 by
conventional, fossil-based, high-emission technologies like
methane steam reforming, relatively high CH4 leakage rates
from natural gas production, and a high tank-to-wheel effi-
ciency of H2 through use of a H2 internal combustion engine,
result in an unfavorable climate impact through considerable
emissions increase.
In order to achieve net CO2-eq emissions decrease with the
MC-H2 economy, it is important that the globally-averaged
CH4 leakage rates from natural gas production are below 7%,
and even lower for more substantial emissions reductions to
be realized (see Section CH4 leakage limit in natural gas
production, Industrial H2 and RoadTrans H2). However,
higher CH4 leakage rates have been reported in the literature
[20,25,27e30,33]. Nevertheless, some of these very high CH4
leakage rates were observed in areas where high CH4 fluxes
were expected, and are not necessarily representative of
typical CH4 leakage rates on a large scale [20]. In any case, due
to the high degree of uncertainty surrounding the CH4 leakage
rates, further research is required in order to form more
robust and consistent CH4 EF estimates for natural gas
production.
Methane cracking and the H2 fuel cell are likewise needed
to achieve net CO2-eq emissions decrease with the MC-H2
economy. Both of these technologies require further research
and development in order to become realized on the global
scale. Additionally, it is important to determine the energy
conversion efficiency ofmethane cracking as well as the tank-
to-wheel efficiency of a commercialized hydrogen fuel cell
that could be realistically achieved, so as to determine the
impact of the MC-H2 economy on emissions. It would also be
interesting to explore the effect of centralized H2 production
on theMC-H2 economy because this would avoid downstream
CH4 emissions, which in turn may lead to lower CH4
emissions.
Based on the sensitivity results, more study is needed to
better understand CH4 leakage from oil production (see Sec-
tion Model evaluation). Due to the high uncertainty in CH4
emissions from oil production, the potential impact of this
sector on global CO2-eq emissions is considerable. It is
important that the uncertainty in CH4 leakage from natural
gas production does not overshadow the considerableas a bridge technology to the hydrogen economy, International
e.2016.11.029
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research is required to understand oil's true impact on the
climate, which may be far worse than what is currently
perceived.
If the MC-H2 economy is implemented, caution is advised
to prevent technological lock-in into a natural gas fossil fuel
economy, and to prevent a delay in the shift of the energy
system to renewables. Instead, the MC-H2 economy can
potentially serve as a bridge to a renewable H2 economy, in
which it facilitates development of the H2 economy infra-
structure, if in the process it can provide climate benefits
through reduced CO2-eq emissions.
An important aspect missing from this work is the cost
competitiveness of the MC-H2 economy. While the MC-H2
economy may have the ability to significantly mitigate emis-
sions, it would never be realized if it is not economically
feasible. In this context it would be interesting to consider the
economic potential of the elemental carbon produced by the
methane cracking process. Therefore, more research is
needed to explore the financial considerations of MC-H2.
Finally, while the results presented here support theMC-H2
economy's potential in benefitting the climate through
reduction of CO2-eq emissions, there are other aspects not
considered in this work that may have important environ-
mental consequences. For instance, increased shale gas pro-
duction without effective environmental regulations on a
global scale may negatively impact human and environ-
mental health by degrading air quality and contaminating
drinking water. It is important that future research into the
MC-H2 economy consider comprehensive potential environ-
mental consequences of increased shale gas production, lest
certain environmental goals be achieved while others are
sacrificed.Funding
This work was supported by the Institute for Advanced Sus-
tainability Studies (IASS), Potsdam.
Acknowledgements
The IASS provided scientific guidance in this research and in
the writing of this report.r e f e r e n c e s
[1] International Energy Agency. Energy and climate change,
world energy outlook special report. 2015.
[2] International Energy Agency. World energy outlook. 2014.
[3] International Energy Agency. World energy outlook. 2015.
[4] Intergovernmental Panel on Climate Change. Climate change
2013: the physical science basis. Contribution of working
group I to the fifth assessment report of the
intergovernmental Panel on climate change. 2013.
[5] United Nations Environment Programme. The hydrogen
economy, a non-technical review. 2006.Please cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhyden[6] Pearson G, Leary M, Subic A, Wellnitz J. Performance
comparison of hydrogen fuel cell and hydrogen internal
combustion engine racing cars. In: Hung S, Subic A,
Wellnitz J, editors. Sustainable automotive technologies
2011. Berlin Heidelberg: Springer; 2011. p. 85e91.
[7] International Energy Agency. Energy technology essentials e
hydrogen production & distribution. 2007.
[8] Sherif SA, Barbir F, Veziroglu TN. Wind energy and the
hydrogen economydreview of the technology. Sol Energy
2005;78:647e60.
[9] Turner JA. Sustainable hydrogen production. Science
2004;305:972e4.
[10] International Atomic Energy Agency. Hydrogen as an energy
carrier and its production by nuclear power. 1999.
[11] Ewan BCR, Allen RWK. A figure of merit assessment of the
routes to hydrogen. Int J Hydrogen Energy 2005;30:809e19.
[12] Abanades A, Ruiz E, Ferruelo EM, Hernandez F, Cabanillas A,
Martı´nez-Val JM, et al. Experimental analysis of direct
thermal methane cracking. Int J Hydrogen Energy
2011;36:12877e86.
[13] Abanades A, Rubbia C, Salmieri D. Technological challenges
for industrial development of hydrogen production based on
methane cracking. Energy 2012;46:359e63.
[14] Abanades A, Rubbia C, Salmieri D. Thermal cracking of
methane into Hydrogen for a CO2-free utilization of natural
gas. Int J Hydrogen Energy 2013;38:8491e6.
[15] CO2 Capture Project. What is CO2 capture & storage?
[16] Weger LB. The impact of methane cracking technology on
emissions of greenhouse gasses. RWTH Aachen University;
2015.
[17] Geißler T, Abanades A, Heinzel A, Mehravaran K, Mu¨ller G,
Rathnam RK, et al. Hydrogen production via methane
pyrolysis in a liquid metal bubble column reactor with a
packed bed. Chem Eng J 2016;299:192e200.
[18] Miller E. Hydrogen supply/demand. U.S. Department of
Energy; 2014.
[19] International Energy Agency. Are we entering a golden age of
Gas? e World energy outlook special report on
unconventional gas. 2011.
[20] Howarth RW. A bridge to nowhere: methane emissions and
the greenhouse gas footprint of natural gas. Energ Sci Eng
2014;2:47e60.
[21] Intergovernmental Panel on Climate Change. 2006 IPCC
Guidelines for national greenhouse gas inventories. 2006.
[22] Howarth RW, Santoro R, Ingraffea A. Methane and the
greenhouse-gas footprint of natural gas from shale
formations. Clim Change 2011;106:679e90.
[23] Harrison MR, Shires TM, Wessels JK, Cowgill RM. Methane
emissions from the natural gas industry volume 1: executive
summary. EPA-600/R-96e080a. U.S. Environmental
Protection Agency; 1996.
[24] Howarth RW, Shindell D, Santoro R, Ingraffea A, Phillips N,
Townsend-Small A. Methane emissions from natural gas
systems. Background paper prepared for the National
climate assessment. Reference # 2011-003. Washington, DC:
Office of Science & Technology Policy Assessment; 2012.
[25] Petron G, Frost G, Miller BR, Hirsch AI, Montzka SA, Karion A,
et al. Hydrocarbon emissions characterization in the Colorado
Front Range: a pilot study. J Geophys Res 2012;117:1e19.
[26] Petron G, Karion A, Sweeney C, Miller BR, Montzka SA,
Frost GJ, et al. A new look at methane and nonmethane
hydrocarbon emissions from oil and natural gas operations
in the Colorado Denver-Julesburg Basin. J Geophys Res
Atmos 2014;119:6836e52.
[27] Karion A, Sweeney C, Petron G, Frost G, Hardesty RM, Kofler J,
et al. Methane emissions estimate from airborne
measurements over a western United States natural gas
field. Geophys Res Lett 2013;40:4393e7.as a bridge technology to the hydrogen economy, International
e.2016.11.029
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 212[28] Peischl J, Ryerson TB, Brioude J, Aikin KC, Andrews AE,
Atlas E, et al. Quantifying sources of methane using light
alkanes in the Los Angeles basin, California. J Geophys Res
Atmos 2013;118:4974e90.
[29] Schneising O, Burrows JP, Dickerson RR, Buchwitz M,
Reuter M, Bovensmann H. Remote sensing of fugitive
methane emissions from oil and gas production in North
American tight geologic formations. Earth's Future
2014;2:548e58.
[30] Caulton DR, Shepson PB, Santoro RL, Sparks JP, Howarth RW,
Ingraffea AR, et al. Toward a better understanding and
quantification of methane emissions from shale gas
development. Proc Natl Acad Sci 2014;111:6237e42.
[31] Peischl J, Ryerson TB, Aikin KC, de Gouw JA, Gilman JB,
Holloway JS, et al. Quantifying atmospheric methane
emissions from the Haynesville, Fayetteville, and
northeastern Marcellus shale gas production regions. J
Geophys Res Atmos 2015;120:2119e39.
[32] Karion A, Sweeney C, Kort EA, Shepson PB, Brewer A,
Cambaliza M, et al. Aircraft-based estimate of total methane
emissions from the Barnett shale region. Environ Sci Technol
2015;49:8124e31.
[33] Peischl J, Karion A, Sweeney C, Kort EA, Smith ML, Brandt AR,
et al. Quantifying atmospheric methane emissions from oil
and natural gas production in the Bakken shale region of
North Dakota. J Geophys Res Atmos 2016;121:6101e11.
[34] ISO. ISO 14040:2006, Environmental management e Life cycle
assessment e Principles and framework. 2 (monolingual)
ed2006.
[35] Bond SW, Gu¨l T, Reimann S, Buchmann B, Wokaun A.
Emissions of anthropogenic hydrogen to the atmosphere
during thepotential transition to anincreasinglyH2-
intensiveeconomy. Int J Hydrogen Energy 2011;36:1122e35.
[36] United States Department of Energy. Report of the hydrogen
production expert panel: a subcommittee of the hydrogen &
fuel cell technical advisory committee. Washington, DC:
United States Department of Energy; 2013. 20585.
[37] Intergovernmental Panel on Climate Change. In: Solomon S,
Qin D, Manning M, Chen Z, Marquis M, Averyt KB, et al.,
editors. Contribution of working group I to the fourth
assessment report of the intergovernmental Panel onPlease cite this article in press as: Weger L, et al., Methane cracking
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhydenclimate change; 2007. Cambridge, United Kingdom and New
York, NY, USA.
[38] Hultman N, Rebois D, Scholten M, Ramig C. The greenhouse
impact of unconventional gas for electricity generation.
Environ Res Lett 2011;6:1e9.
[39] Drennen TE, Rosthal JE. Pathways to a hydrogen future.
Elsevier Science; 2008.
[40] International Carbon Black Association. What is carbon
black?
[41] Schultz MG, Diehl T, Brasseur GP, Zittel W. Air pollution and
climate-forcing impacts of a global hydrogen economy.
Science 2003;302:624e7.
[42] Wokaun A, Wilhelm E. Transition to hydrogen: pathways
toward clean transportation. 1st ed. Cambridge, UK:
Cambridge University Press; 2011.
[43] Zittel W, AltmanM. Molecular hydrogen and water vapor
emissions in a global hydrogen energy economy. In:
VezirogluTN,WinterCJ,Baselt JP,KreysaG,editors.Proceedinqs
of the 11th world hydrogen enerqy conference. Stuttgart:
DECHEMA eV, Frankfurt-am-Main, Germany; 1996. p. 71e82.
[44] Bhatia SC. Advanced renewable energy systems, (Part 1 and
2). 1st ed. New Delhi: WPI Publishing; 2014.
[45] Dufour J, Galvez JL, Serrano DP, Moreno J, Martı´nez G. Life
cycle assessment of hydrogen production by methane
decomposition using carbonaceous catalysts. Int J Hydrogen
Energy 2010;35:1205e12.
[46] Helmers E, Marx P. Electric cars: technical characteristics and
environmental impacts. Env Sci Eur 2012;24:1e15.
[47] Cai H, Han J, Elgowainy A, Wang M. Updated vented, flaring,
and fugitive greenhouse gas emissions for crude oil
production in the GREET model. Systems assessment group,
energy systems division. Argonne National Laboratory; 2014.
[48] Mortimer ND, Cormack P, Elsayed MA, Horne RE. Evaluation
of the comparative energy, global warming and socio-
economic costs and benefits of biodiesel. Sheffield Hallam
University; 2003.
[49] International Energy Agency. IEA Statistics. CO2 emissions
from fuel combustion. International Energy Agency; 2014.
[50] Brander M, Sood A, Wylie C, Haughton A, Lovell J. Technical
Paper e electricity-specific emission factors for grid
electricity Ecometrica. 2011.as a bridge technology to the hydrogen economy, International
e.2016.11.029
